Background. Procalcitonin algorithms may reduce antibiotic use for acute respiratory tract infections (ARIs). We undertook an individual patient data meta-analysis to assess safety of this approach in different ARI diagnoses and different clinical settings.
Background. Procalcitonin algorithms may reduce antibiotic use for acute respiratory tract infections (ARIs). We undertook an individual patient data meta-analysis to assess safety of this approach in different ARI diagnoses and different clinical settings.
Methods. We identified clinical trials in which patients with ARI were assigned to receive antibiotics based on a procalcitonin algorithm or usual care by searching the Cochrane Register, MEDLINE, and EMBASE. Individual patient data from 4221 adults with ARIs in 14 trials were verified and reanalyzed to assess risk of mortality and treatment failure-overall and within different clinical settings and types of ARIs.
Results. Overall, there were 118 deaths in 2085 patients (5.7%) assigned to procalcitonin groups compared with 134 deaths in 2126 control patients (6.3%; adjusted odds ratio, 0.94; 95% confidence interval CI, .71-1.23)]. Treatment failure occurred in 398 procalcitonin group patients (19.1%) and in 466 control patients (21.9%; adjusted odds ratio, 0.82; 95% CI, .71-.97). Procalcitonin guidance was not associated with increased mortality or treatment failure in any clinical setting or ARI diagnosis. Total antibiotic exposure per patient was significantly reduced overall (median [interquartile range], from 8 [5] [6] [7] [8] [9] [10] [11] [12] to 4 [0-8] days; adjusted difference in days, −3.47 [95% CI, −3.78 to −3.17]) and across all clinical settings and ARI diagnoses.
Conclusions. Use of procalcitonin to guide initiation and duration of antibiotic treatment in patients with ARIs was effective in reducing antibiotic exposure across settings without an increase in the risk of mortality or treatment failure. Further high-quality trials are needed in critical-care patients.
Acute respiratory infections (ARIs) comprise a large and heterogeneous group of infections, including bacterial infections, viral infections, and infections of other etiologies. Early initiation of adequate antibiotic therapy is the cornerstone in the treatment of bacterial ARIs and is associated with improved clinical outcomes [1, 2] . However, overuse of antibiotics by overprescription in outpatients with bronchitis [3] , for instance, and prolonged duration of antibiotic therapy in patients with bacterial ARIs in the hospital and intensive care setting is associated with increased resistance for common bacteria, high costs, and adverse drug reactions [4, 5] . The safe reduction in antibiotic use is therefore of utmost importance.
In recent years, procalcitonin (PCT) has emerged as a promising marker for the diagnosis of bacterial infections because higher levels are found in severe bacterial infections than in viral infections and nonspecific inflammatory diseases [6, 7] . Hence, PCT may be used to support clinical decision making for the initiation and discontinuation of antibiotic therapy [8] . Randomized controlled trials (RCTs) have demonstrated the feasibility of such a strategy in different ARI patient populations and different settings ranging from primary care [9, 10] to emergency departments (EDs), hospital wards [11] [12] [13] [14] [15] [16] [17] , and intensive care units (ICUs) [18] [19] [20] [21] [22] . Most individual trials, however, lacked the statistical power to assess the risk for mortality and severe infectious disease complications associated with PCT-guided decision making.
We undertook an individual patient data meta-analysis of trials comparing the effects of using PCT to guide initiation and duration of antibiotic treatment in patients with ARI assigned to routine PCT measurement or standard of care without PCT measurement. The aim of this analysis was to assess the safety and efficacy of this approach over a large range of patients with varying severity of ARIs.
METHODS

Trial Selection and Data Collection
The predefined protocol for this meta-analysis of individual patient data is published in the Cochrane Library [23] . We prepared the present report according to PRISMA guidelines [24] .
Patients in eligible randomized or quasi-randomized trials had to be adults with a clinical diagnosis of either upper or lower ARI (for detailed definitions see Supplementary Appendix 1). Trials were excluded if they exclusively focused on pediatric patients or if they used PCT for a purpose other than to guide initiation and duration of antibiotic treatment. There were no exclusions based on language or publication status of reports.
We identified suitable trials by a formal search of the Cochrane Controlled Trials Registry (CCTR), MEDLINE, and EMBASE (all from their inception to May 2011) and through use of reference lists of reports describing such trials. The full electronic search strategy is published with our study protocol [23] .
Two reviewers (P. S. and M. B.) independently assessed trial eligibility based on titles, abstracts, full-text reports, and further information from investigators as needed. We requested the protocol, case report forms, and unedited databases containing individual patient data from investigators of all eligible trials. The mortality and adverse outcome rates from trials included in this individual patient data metaanalysis might differ slightly from previous reports because we treated data in a consistent manner across all trials.
Patients and Endpoints
Our patient population consisted of all randomized patients with initial suspicion of ARI independent of the final diagnosis. We prespecified 2 primary endpoints: all-cause mortality and setting-specific treatment failure at 30 days. For trials with a shorter follow-up period, the available information was used (eg, until hospital discharge (Table 1) . Mortality is the most important safety endpoint but relatively rare in some settings; therefore we decided on treatment failure as a coprimary endpoint that is more frequent but needs to be defined according to patient setting. For the primary-care setting, treatment failure was defined as death, hospitalization, ARI-specific complications (eg, empyema for lower ARI, meningitis for upper ARI), recurrent or worsening infection, and patients reporting any symptoms of an ongoing respiratory infection (eg, fever, cough, dyspnea) at follow-up. For the ED setting, treatment failure was defined as death, ICU admission, rehospitalization after index hospital discharge, ARI-associated complications (eg, empyema or acute respiratory distress syndrome for lower ARI), or recurrent or worsening infection within 30 days of follow-up. For the ICU setting, treatment failure was defined as death within 30 days of follow-up.
Secondary endpoints were antibiotic use (initiation of antibiotics, duration of antibiotics and total exposure to antibiotics [total amount of antibiotic days divided by total number of patients]), length of hospital stay for hospitalized patients, length of ICU stay for critically ill patients, and number of days with restricted activities within 14 days after randomization for primary-care patients.
Statistical Analysis
All patients were analyzed in the study group to which they were randomized. For patients lost to follow-up, we assumed in our main analysis that they did not experience an event. For the primary endpoint of mortality from any cause, we calculated odds ratios (ORs) and 95% confidence intervals (CIs) using multivariable hierarchical logistic regression [25, 26] . Apart from the group variable indicating the use of a PCT f Twenty-seven not considered for this analysis due to a diagnosis other than ARI.
g Nineteen not considered for this analysis due to diagnosis other than ARI.
h Sixty-seven not considered for this analysis due to diagnosis other than ARI.
i Nine postrandomization exclusions (8 withdrew consent, 1 randomized twice); 227 not considered for this analysis due to diagnosis other than ARI.
algorithm, we included important prognostic factors such as patient age and ARI diagnosis as additional fixed effects; to account for within-and between-trial variability, we added trial to the model as a random effect. We fitted corresponding linear and logistic regression models for continuous and binary secondary endpoints, respectively. We performed prespecified sensitivity analyses based on the main quality indicators, namely allocation concealment and blinded outcome assessment; we conducted a complete case analysis and an analysis assuming that patients lost to follow-up experienced an event. In an additional sensitivity analysis, we used an alternate definition of treatment failure (death, hospitalization [for primary-care patients], rehospitalization [for hospitalized patients], and ICU admission [for non-ICU patients at randomization]). We also performed sensitivity analyses excluding trials with low adherence to PCT algorithms (<70%) or not reporting adherence, excluding all ICU trials, and excluding only the largest ICU trial due to low adherence [20] .
To further investigate the consistency of results across our heterogeneous patient population in terms of disease severity, we performed prespecified analyses stratified by clinical setting and ARI diagnosis and formally tested for potential subgroup effects by adding the clinical setting and ARI diagnosis in turn to the regression model together with the corresponding interaction term with PCT group as fixed effects. We conducted meta-analyses with aggregate data of included trials to investigate inconsistency and heterogeneity of effects by means of I 2 and the Cochran Q test [27] . We used Stata version 9.2 and SAS version 9.1 for statistical analyses. 
RESULTS
We identified 14 completed trials with a total of 4551 patients that met the inclusion criteria ( Figure 1 ). Four of the ICU trials [18, [20] [21] [22] included patients with sepsis not related to ARI; these patients (n = 340) were not considered for this analysis. Patients with initial suspicion of ARI and other final diagnoses were included in the overall analysis. Our intentionto-treat population consisted therefore of 4211 patients with ARI at randomization. We further identified 14 ongoing RCTs on the topic with expected completion between 2012 and 2014.
Characteristics of the individual trials are presented in Table 1 . Most trials had a follow up of 1 month, with 2 trials assessing outcome after 14-21 days and 3 trials following patients until hospital discharge only. Both primary-care trials, 1 trial conducted in the ED [17] , and 1 ICU trial [20] employed a noninferiority design. The PCT algorithms used in the different trials were similar in concept and recommended initiation and/or continuation of antibiotic therapy based on similar PCT cut-off levels (Table 1) . However, there were differences: some trials in primary care [10] and the ED [11] used only a single PCT measurement on admission to guide initiation of antibiotics, whereas the other trials ( predominantly in hospitalized patients with severe infections) used repeated measurements for guiding the duration of treatment. Adherence to algorithms was variable, ranging from 47%-91% (Table 2 ). In terms of methodological quality of included trials, there were 6 trials with concealed allocation and 5 trials with blinded outcome assessment. All trials achieved complete or near-complete follow-up for mortality. None of the trials blinded patients or caregivers to group allocation.
Baseline characteristics of included patients were similar in PCT and control groups with respect to important prognostic features ( Table 3 ). Most patients were recruited in the ED setting, and community-acquired pneumonia (CAP) was the most frequent ARI diagnosis, occuring in almost 50% of patients. The PCT concentrations on admission were highest in patients from the ICU setting and lowest in primary-care patients. There were no statistically significant differences in PCT levels between PCT and control groups overall and for individual settings (P > .05 for all comparisons).
Primary Endpoints
Overall, there was no difference in mortality in PCT group patients compared with control patients (5.7% vs 6.3%; adjusted OR, 0.94; 95% CI, .71-1.23; Table 4 ). This was consistent across clinical settings and ARI diagnoses (see Kaplan-Meier curves in Supplementary Appendix 2). We found overall a significantly lower risk for treatment failure in PCT-treated patients compared with control patients (19.1% vs 21.9%; adjusted OR, 0.82; 95% CI, .71-.97). Statistically significant differences in treatment failure were also found for the ED setting and CAP patients ( Table 4 , lower part). A similar, although statistically not significant, result was found when restricting the definition of treatment failure to death, ICU admission, hospitalization, or rehospitalization (9.1% vs 10.8%; adjusted OR, 0.82; 95% CI, .67-1.01). These results proved robust in various sensitivity analyses. We found no evidence for heterogeneity or effect modification across clinical settings or ARI diagnoses (Supplementary Appendices 3 and 4).
Secondary Endpoints
The PCT-guided patients had a lower antibiotic exposure overall (adjusted difference in days, −3.47; 95% CI, −3.78 to −3.17) in all clinical settings and across ARI diagnoses ( Figure 2 ; Table 5 ). In the primary-care setting, this was mainly due to lower initial prescription rates (adjusted OR, 0.10; 95% CI, .07-.14; P < .0001 for interaction between primary-care setting and PCT group on antibiotic prescriptions). Similarly, lower antibiotic exposure due to lower prescription rates were found in selected infections, such as upper ARI (adjusted OR, 0.14; 95% CI, .09-.22; P for interaction = .006) and acute bronchitis (adjusted OR, 0.15; 95% CI, .10-.23; P for interaction = .001). Shorter duration of antibiotic therapy further contributed to this effect in patients admitted to the ED (adjusted difference in days −3.70; 95% CI, −4.09 to −3.31; P for interaction = .005) and the ICU setting (adjusted difference in days, −3.17; 95% CI, −4.28 to −2.06; P for interaction = .007) and in those with CAP (adjusted difference in days, −3.34; 95% CI, −3.79 to −2.88; P for interaction < .0001) and ventilator-associated pneumonia (VAP; adjusted difference in days −2.23; 95% CI, −4.06 to −.39; P for interaction = .01).
In primary-care patients, we found no significant difference in rates of treatment failure and days with restricted activities after 14 days between groups (Table 4 ). In ED patients, there was a significantly lower risk of treatment failure in favor of PCT-guided patients (adjusted OR, 0.76; 95% CI, .61-.95). There was no difference in the length of stay for ED and ICU patients.
DISCUSSION
This systematic review and individual patient data metaanalysis of 14 trials found no increased risk for mortality or population. Due to the low adherence to PCT protocols in the ICU setting, we performed a number of sensitivity analyses to investigate whether excluding ICU data would affect our overall findings and found similar results in all such analyses. In terms of efficacy, we found a consistent reduction of antibiotic use in PCT groups, mainly due to lower prescription rates in primary care ( predominantly among patients with upper ARI and bronchitis), and lower duration of antibiotic courses in ED and ICU patients (with CAP and VAP). Because we included a patient population ranging from primary care to ICU, we adapted the definition of treatment failure to clinical settings by including setting-specific and clinically relevant components in this composite outcome. This may challenge the clinical interpretation in the overall analysis but lead to a better interpretation of patient risk in respective prespecified subgroups. We found lower rates of treatment failure for patients allocated to the PCT group overall, in the ED setting, and in CAP patients. Different sensitivity analyses confirmed this finding. There are 3 potential explanations:
1. PCT appears to provide additional useful information which can influence decision making in areas such as consideration of safe and early discharge [18] .
2. In control groups, treatment failures may be related to prolonged antibiotic exposure and risk for secondary complications and rehospitalization [28, 29] .
3. The finding turned out to be statistically significant by chance.
Considering the marginally nonsignificant result with the alternate definition, we would like to conservatively interpret this finding (ie, it is unlikely that PCT guidance increases treatment failures).
Similar to other tests [30] , the use of PCT cut-offs and test result interpretation need to be reflected in the context of the pretest probability and to be adapted to clinical settings and the risk of patients. In included trials with patients at low risk for severe bacterial infections (eg, primary-care patients), a PCT algorithm was used to determine whether antibiotics should be initiated at all; in trials with higher-risk patients (ICU or ED patients), PCT was mainly used to determine when treatment could be safely discontinued [8] . Importantly, all trials included PCT in clinical algorithms, and physicians could deviate from the PCT algorithm if needed. As a consequence, some trials had low protocol adherence, particularly ICU trials. Although reductions in antibiotic exposure despite this low adherence were impressive, concerns about safety may arise. Clinicians commonly agree that important clinical decisions, such as initiation and continuation of antibiotic therapy, should not be based on a single diagnostic criterion only; PCT should complement but not replace clinical decision making [31] . Accordingly, PCT protocols specified "overruling criteria" whereby the PCT algorithm could be bypassed (eg, if clinical criteria suggest a high-risk situation) [8] . Of note, sensitivity analyses showed no evidence of heterogeneity, and results were similar when only trials with high adherence rates were considered. Poststudy surveys have been published [32, 33] in order to better understand the effects and challenges of PCT protocols in clinical practice, where adherence and confidence will be a crucial factor for the success of this strategy.
Previous meta-analyses of RCTs investigating the effect of PCT algorithms on antibiotic use focused on the critical-care setting [34] [35] [36] , patients with suspicion of bacterial infections, [37] and patients with sepsis and respiratory infections [38] . However, these meta-analyses used aggregated data and were not able to investigate the effects of PCT on different ARI diagnoses and on outcomes other than mortality. The strengths of this metaanalysis based on individual patient data from 14 eligible trials include an explicit study protocol, a comprehensive search to retrieve all relevant trials, a network that allowed inclusion of individual patient data from eligible trials, standardized outcome definitions across trials, the possibility to conduct appropriate subgroup and sensitivity analyses, and analyses based on the intention-to-treat principle, thereby overcoming limitations of previous meta-analyses with aggregated data.
Despite these merits, our study has several limitations. Although we included all available evidence in our pooled analysis, we cannot rule out a clinically relevant absolute risk increase of 4% for ICU patients with PCT guidance. In addition, the adherence to the PCT algorithm in the largest ICU trial [20] was relatively low (47%), leaving an even greater uncertainty about the safety of PCT use in ICU patients. There are currently several ongoing trials registered in the Clinical Trials database. Five ongoing trials focus on PCT as a guide to stop antibiotics in ICU patients with sepsis, and 2 of those are enrolling large numbers of patients (>1000 patients each). Hence, these trials may help to further establish the safety of PCT in this vulnerable patient population. However, if one wanted to rule out, for instance, a 10% relative (or 2.3% absolute) mortality increase in ICU patients, a total of 5735 randomized patients would be needed in each group (assuming a mortality rate in control ICU patients with ARI of 23%, an alpha error of 5%, and a power of 80%).
We limited our analysis to adult patients with ARIs that were mostly immunocompetent, thus limiting the generalizability to other populations. Previous RCTs have shown that PCT guidance also reduces antibiotic exposure in a neonatal sepsis population and in children with pneumonia [39, 40] , but not in children with fever without a source [41] . We found 7 ongoing pediatric RCTs evaluating PCT algorithms that should shed further light on the benefits and harms of PCT use in pediatric populations.
Finally, included trials were mostly conducted in the European setting, with 2 trials coming from China [15, 16] and 1 multinational trial including US sites [19] . Thus, further validation and adaptation of PCT algorithms to other countries may be needed.
In conclusion, the use of PCT to guide initiation and duration of antibiotic treatment in patients with ARI was not associated with higher mortality rates or treatment failure, but PCT use did significantly reduce antibiotic consumption across different clinical settings and ARI diagnoses. The remaining uncertainty with respect to mortality and the partially low adherence rates to protocols in ICU patients calls for further trials, particularly in the critical-care setting, before PCT-based algorithms can be considered safe. The use of PCT embedded in clinical algorithms has the potential to improve the antibiotic management of ARI patients and has substantial clinical and public health implications to reduce antibiotic exposure and the associated risk of antibiotic resistance.
